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Abstract 
Background: Human infections due to the monkey malaria parasite Plasmodium knowlesi is on the rise in most 
Southeast Asian countries specifically Malaysia. The C‑terminal 19 kDa domain of PvMSP1P is a potential vaccine can‑
didate, however, no study has been conducted in the orthologous gene of P. knowlesi. This study investigates level of 
polymorphisms, haplotypes and natural selection of full‑length pkmsp1p in clinical samples from Malaysia.
Methods: A total of 36 full‑length pkmsp1p sequences along with the reference H‑strain and 40 C‑terminal pkmsp1p 
sequences from clinical isolates of Malaysia were downloaded from published genomes. Genetic diversity, polymor‑
phism, haplotype and natural selection were determined using DnaSP 5.10 and MEGA 5.0 software. Genealogical 
relationships were determined using haplotype network tree in NETWORK software v5.0. Population genetic differ‑
entiation index (FST) and population structure of parasite was determined using Arlequin v3.5 and STRU CTU RE v2.3.4 
software.
Results: Comparison of 36 full‑length pkmsp1p sequences along with the H‑strain identified 339 SNPs (175 non‑syn‑
onymous and 164 synonymous substitutions). The nucleotide diversity across the full‑length gene was low compared 
to its ortholog pvmsp1p. The nucleotide diversity was higher toward the N‑terminal domains (pkmsp1p‑83 and 30) 
compared to the C‑terminal domains (pkmsp1p‑38, 33 and 19). Phylogenetic analysis of full‑length genes identified 2 
distinct clusters of P. knowlesi from Malaysian Borneo. The 40 pkmsp1p‑19 sequences showed low polymorphisms with 
16 polymorphisms leading to 18 haplotypes. In total there were 10 synonymous and 6 non‑synonymous substitu‑
tions and 12 cysteine residues were intact within the two EGF domains. Evidence of strong purifying selection was 
observed within the full‑length sequences as well in all the domains. Shared haplotypes of 40 pkmsp1p‑19 were 
identified within Malaysian Borneo haplotypes.
Conclusions: This study is the first to report on the genetic diversity and natural selection of pkmsp1p. A low level of 
genetic diversity and strong evidence of negative selection was detected and observed in all the domains of pkmsp1p 
of P. knowlesi indicating functional constrains. Shared haplotypes were identified within pkmsp1p‑19 highlighting 
further evaluation using larger number of clinical samples from Malaysia.
Keywords: Plasmodium knowlesi, Merozoite surface protein 1 paralog, Genetic diversity, Natural selection, Sub‑
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Background
Malaria is a major health threat in many parts of the 
globe and causes high mortality and morbidity, with 212 
million cases of malaria occurring globally in 2015, with 
429,000 deaths [1]. Plasmodium knowlesi, a parasite of 
long- and pig-tailed macaques is now considered as the 
fifth Plasmodium species infecting humans and is an 
emerging threat in most Southeast Asian countries [2–
6]. Human infections due to P. knowlesi are increasingly 
reported from a number of the Southeast Asian coun-
tries, including Malaysia [4, 7, 8], Singapore [9], Myan-
mar [10], Vietnam [11], Indonesia [12], Philippines [13], 
Cambodia [14], India [15] and Thailand [16]. In Malaysia, 
the public health threat posed by the zoonotic malaria 
parasite P. knowlesi appears to be growing, with increas-
ing number of human infections being reported from 
Peninsular Malaysia as well as Malaysian Borneo [4, 8, 
17], which highlights the need of effective measures for 
control as well as development of effective vaccines.
The parasite is the only human and non-human pri-
mate malaria that has a 24-h erythrocytic cycle; rapid 
increase in parasitaemia has been shown to be associated 
with the development of severe malaria in humans and is 
a common cause for severe and fatal malaria in Malaysian 
Borneo [3, 18–20]. Approximately 70% of malaria cases 
reported from the Kapit division of Sarawak [18] and 78% 
from Kudat, Sabah are due to P. knowlesi [8]. Recent P. 
knowlesi genomic and microsatellite-based studies from 
Sarawak, Malaysian Borneo have shown that there are at 
least 3 sub-populations of the parasite and 2 of the popu-
lations were associated with long-tailed (Macaca fascicu-
laris) and pig-tailed (Macaca nemestrina) macaques from 
Malaysian Borneo [21–23]. Analysis of mitochondrial 
genes in P. knowlesi isolates from patients and macaques 
also identified two distinct clusters which clustered geo-
graphically to Malaysian mainland and Malaysian Borneo 
[24]. These studies have highlighted the complexity of P. 
knowlesi infections in humans and challenges for control 
as well as vaccine design.
Malaria vaccine development is hindered by natural 
polymorphisms within blood-stage candidate antigens 
and, therefore, it is critical to determine the pattern of 
diversity, natural selection and population structure in 
vaccine candidates and its significance for the acquisition 
and effectiveness of protective immunity. For example, 
the protection conferred by the most advanced candidate 
subunit vaccine is RTS,S/AS01, which targets the Plas-
modium falciparum circumsporozoite protein (PfCSP) 
was found to be rapidly declining in sub-Saharan Africa 
[25]. A recent study showed that polymorphisms within 
the merozoite invasion genes (normocyte binding protein 
xa and xb, nbpxa and nbpxb) of P. knowlesi were linked 
to hyperparasitaemia and disease severity in human 
infections [26]. Potential vaccine candidates like Duffy 
binding protein (DBP), merozoite surface protein (MSP) 
1 and 3, normocyte binding protein xa have recently been 
studied from P. knowlesi clinical isolates [27–29].
Plasmodium knowlesi is phylogenetically closely 
related to Plasmodium vivax [30]. In P. vivax, MSP1 is a 
well-known blood stage antigen which localizes on the 
merozoite surface and the C-terminal 19 kDa domain is 
responsible for binding to erythrocytes and antibodies 
against the C-terminal fragment of MSP1 shows parasite 
invasion inhibitory properties [31, 32]. Most of the mero-
zoite surface proteins (e.g., MSP1, MSP2, MSP4, MSP5, 
MSP8, and MSP10) contain 1 or 2 copies of a conserved 
epidermal growth factor (EGF)-like domain at the car-
boxyl terminal that are anchored to the membrane via 
glycosylphosphatidylinositol (GPI) membrane anchor 
[33, 34].
Recently, a novel vaccine candidate P. vivax merozo-
ite surface protein 1 paralog (PvMSP1P-19; PlasmoDB 
accession no. PVX_099975) a glycosylphosphatidylino-
sitol (GPI)-anchored protein which is expressed on the 
merozoite surface during blood-stage development and 
binds to erythrocytes is reported [35]. Studies have also 
reported the PvMSP1-19 to be immunogenic and anti-
genicity has been reported in P. vivax-infected patients 
[36, 37]. The primary structure of PvMSP1P is similar 
to PvMSP1 and they contain a putative GPI-anchored 
motif and 2 epidermal growth factor (EGF)-like domains 
at the C terminus [38]. The predicted molecular mass is 
about 215 kDa, which is similar to that of PvMSP1. These 
studies have also proved that the protein undergoes pro-
teolytic processing during the invasion process similar to 
PvMSP1 to produce 83, 30, 38, 33 and 19 kDa domains 
[35]. The C-terminal 19 kDa domain which contains the 
EGF-like domains are mostly conserved among all the 
MSPs studied to date and thus are speculated to possess 
conserved binding activity to host erythrocytes. Stud-
ies on genetic polymorphism of PvMSP1P C-terminal 
domain in worldwide isolates indicated low levels of pol-
ymorphisms and thus might serve as a potential vaccine 
candidate [39]. However, no study has been done to char-
acterize the PkMSP1P which is an ortholog gene.
In this study firstly, the domains of PkMSP1P protein 
were characterized based on the amino acid sequence 
alignment to its ortholog PvMSP1P sequence. Then the 
level of sequence diversity, natural selection using full-
length genes at each of the domains (83, 30, 38, 33 and 
19 kDa domains) were determined using 34 clinical iso-
lates and 2 laboratory lines (along with the H-strain) of 
Malaysia. Based on the 19  kDa domain (PkMSP1P-19), 
the shared haplotypes were identified within 40 isolates 
and the population structure was determined based on 
the 42 kDa domain (PkMSP1P-42) from clinical isolates 
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from 4 geographically different regions in Malaysia. The 
information obtained from this study will be helpful 
for future rational design and formulation of a vaccine 
against P. knowlesi, and will aid in the understanding of 
transmission dynamics of P. knowlesi within Malaysia.
Methods
PkMSP1P sequence data
PkMSP1P sequences were downloaded for 36 clinical 
isolates originating from Kapit, Betong and Sarikei in 
Malaysian Borneo, 4 long-time isolated lines from Penin-
sular Malaysia along with the H-strain (PKNH_0728800) 
(Additional file  1) [23]. The sequence data accession 
numbers are listed in (Additional file  2). Of these, 36 
sequences were used for characterization of the full-
length PkMSP1P gene (Additional file  2). Signal pep-
tide for the full-length PkMSP1P domain was predicted 
using Signal IP 3.0 and Phobious prediction software [40, 
41]. The PkMSP1P domains were characterized based 
on the published ortholog of PvMSP1P (PVX_099975) 
[35]. Phylogenetic analysis was conducted using deduced 
amino acid sequences from 7 PkMSP1P full-length 
from Malaysian Borneo, 2 laboratory lines from Pen-
insular Malaysia; reference H-strain (PKNH_0728800) 
and the Malayan Strain (Pk1A PKNOH_S06430900) 
along with other ortholog members of P. vivax Sal-1 
(PVX_099975), P. vivax P01 (PVP010728800), Plasmo-
dium cynomolgi (PcYB073760) and Plasmodium ovale 
curtisi (PoCGH0107037800) using unrooted neighbour-
joining (NJ) method also described in MEGA5. Bootstrap 
replicates of 1000 were used to test the robustness of the 
trees.
Sequence diversity and natural selection
Sequence diversity (π), defined as the average number of 
nucleotide differences per site between two sequences 
within the sequences, was determined by DnaSP v5.10 
software [42]. Number of polymorphic sites, number of 
synonymous and non-synonymous substitutions, hap-
lotype diversity (Hd), number of haplotypes (h) within 
the pkmsp1p sequences were also determined by DnaSP 
software.
To investigate departure from neutrality, Tajima’s D 
analysis was conducted [43]. Under neutrality, Tajimas 
D is expected to be 0. Significantly, positive Tajima’s D 
values indicate recent population bottleneck or balanc-
ing selection, whereas negative values suggest population 
expansion or negative selection. The rates of synonymous 
(dS) and non-synonymous (dN) mutations were esti-
mated and compared by the Z-test (P < 0.05) in MEGA5 
using the Nei and Gojobori’s method with the Jukes and 
Cantor (JC) correction and 1000 bootstrap replications 
[44].
Haplotype network
Haplotype diversity (Hd) and number of haplotypes (H) 
were determined using DnaSP software. Genealogical 
relationships between the pkmsp1p-19 haplotypes were 
constructed using the median-joining method in NET-
WORK software (version 4.6.1.2, Fluxus Technology Ltd, 
Suffolk, UK).
Population genetic structure analysis
To define genetic structure of the P. knowlesi parasite 
population in Malaysia based on the msp1p, STRU CTU 
RE software (version 2.3.4) was used that deploys the 
Bayesian model based clustering approach. The most 
probable number of populations (K) was determined 
using an admixture model. Since the 19  kDa domain is 
largely conserved in all Plasmodium species, the 42 kDa 
domain (19 and 33 kDa) was used for population struc-
ture analysis. All sample data were run for values K = 1–6, 
each with a total of 15 iterations, 100,000 Markov Chain 
Monte Carlo (MCMC) generations for each run after a 
burn-in of 50,000 steps. The most likely number K in the 
data was estimated by calculating ΔK values and identi-
fying the K value that maximizes the log probability of 
data, lnP(D). The most probable K value was then cal-
culated according to Evanno’s method by using the web-
page interface STRU CTU RE Harvester. The ARLEQUIN 
software (version 3.5.1.3, University of Berne, Berne, 
Switzerland) was used to compute pairwise differences 
(FST) between populations (i.e., Sarikei, Betong, Kapit 
and Peninsular Malaysia) with 10,100 permutations. FST 
is a comparison of the sum of genetic variability within 
and between populations on the basis of the differences 
in allelic frequencies. FST values are interpreted as no (0), 
low (> 0–0.05), moderate (0.05–0.15), and high (0.15–
0.25) genetic differentiation.
Results
Genetic diversity and natural selection of full‑length 
pkmsp1p
The Signal IP and Phobious servers detected a signal 
peptide in between amino acid positions 30 and 40 of 
the PkMSP1P protein (Additional file 3). Alignment and 
comparison of the amino acid sequences of the full-length 
P. knowlesi H reference strain MSP1P sequences with P. 
vivax MSP1P Sal-1 reference strain showed 70.2% iden-
tity. The schematic structure of pkmsp1p gene in com-
parison with its orthologous pvmsp1p is shown in Fig. 1a. 
The tandem repeat region (SAYSYSV)n and the polymor-
phic region (E/Q)n did not exist in the PkMSP1 probably 
due to deletion in these regions (Additional file 4). Within 
the full-length PkMSP1P sequences (n = 36), there were 
339 polymorphic sites (6.04%) leading 164 synonymous 
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and 175 nonsynonymous substitutions. The dimorphic 
nucleotides within each domain are given in the (Addi-
tional file 5). There were 174 parsimony informative sites 
of which 12 sites were of three variants and 165 singleton 
variable sites. The overall nucleotide diversity was higher 
(π = 0.00941 ± SD 0.00059) compared to its ortholog P. 
vivax, which is relatively conserved (Table  1) [39]. The 
diversity towards the N-terminal domains pkmsp1-83 
(π = 0.0105 ± SD 0.0007) and 30 (π = 0.0113 ± SD 0.0009) 
was moderately higher than the C-terminal domains 
pkmsp1-38 (π = 0.0066 ± 0.0006), 33 (π = 0.0095 ± SD 
0.0007) and 19 (π = 0.00661 ± SD 0.0007) (Table  1). The 
analysis with sliding window plot (window length 200 bp 
and step size 50 bp) also revealed that the overall diver-
sity range from 0 to 0.02 and the C-terminal regions 
containing the 19  kDa domain showed lower diversity 
(Fig. 2). The haplotype numbers as well as the haplotype 
diversity of all pkmsp1 domains were high except for the 
pkmsp1p-19 domain (Table  1). Pkmsp1p genes revealed 
that the 12 cysteine residues within the two EGF domains 
at the 19 kDa domain were conserved (Fig. 1). To deter-
mine whether natural selection contributes to the poly-
morphism in the pkmsp1p full-length gene as well as at 
each domain, the average difference of (dN − dS) was 
evaluated. The significant negative value at each domain 
(Table  1) obtained indicated dN < dS. Thus, the full-
length gene as well as all the domains appeared to be 
under negative or purifying selection. However, Tajima’s 
D, Li and Fu’s F* and D* statistics was found to be signifi-
cant only for pkmsp1p-38 and 19 domains (Table 1).
Phylogenetic analysis
Phylogenetic analysis of the 9 full-length PkM-
SP1P amino acid sequences with other Plasmodium 
orthologs using unrooted NJ method identified two dis-
tinct P. knowlesi clusters from Malaysian Borneo which 
were supported by 100% bootstrap values (Fig. 3). The 
two laboratory lines the H-strain and the Malayan 
Strain, which originated from Peninsular Malaysia 
formed the third cluster (Fig. 3). These distinct-clusters 
were similar to the previous discovery of two distinct 
clusters of P. knowlesi parasites in clinical isolates from 
Sarawak, Malaysian Borneo at the genomic level [23]. 
The PkMSP1P was found to be more closely related 
to P. cynomolgi MSP1P compared to its ortholog in P. 
vivax and P. ovale.
Fig. 1 a Schematic diagram of Plasmodium vivax (PVX_099975) and Plasmodium knowlesi merozoite surface protein 1 paralog (PKNH_0728800) 
(MSP1P). b Amino acid sequence identity between full‑length PvMSP1P and 7 field isolates of PkMSP1P from Malaysian Borneo. c Amino acid 
sequence identity between the 19 kDa PvMSP1P and 7 field isolates of PkMSP1P from Malaysian Borneo. The highlighted‑red percentages (70.2 and 
86.0%) are PkMSP1P H‑strain sequence identity with PvMSP1P (PVX_099975)
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Genetic diversity and natural selection of PkMSP1P‑19
Amino acid sequence analysis of 40 msp1p genes 
at the PkMSP1P-19 showed that it shares 84–86% 
sequence identity with its ortholog PvMSP1P-19 of P. 
vivax Sal-1 (Fig.  1c). This could be explained because 
of the conservation of the EGF domains of MSP genes 
within Plasmodium species. There were only 16 poly-
morphic sites identified at the 19  kDa domain which 
led to 10 synonymous and 6 nonsynonymous sub-
stitutions. There were 5 parsimony informative sites 
and 11 singleton variable sites. Region-wise diversity 
using sliding window plot in DnaSP indicated that 
Fig. 2 Graphical representation of nucleotide diversity (π) within 36 full‑length PkMSP1P genes (n = 5622 bp) from Malaysia. The PkMSP1P domains 
are marked above
Fig. 3 Phylogenetic relationship of MSP1P genes within ortholog Plasmodium species Plasmodium vivax, Plasmodium knowlesi, Plasmodium ovale 
and Plasmodium cynomolgi based on unrooted neighbour‑joining method. The two P. knowlesi PkMSP1P clusters identified in Malaysian Borneo 
are shown as cluster 1 and cluster 2 and the two laboratory lines formed the cluster 3 from Peninsular Malaysia. Numbers at the nodes indicate 
bootstrap values
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nucleotide diversity were similar in all populations 
(Table  2, Fig.  4b), except for the Peninsular Malay-
sia where higher diversity was observed within 180–
200 nt position. There were 18 haplotypes identified in 
PkMSP1P-19 which had moderate level of haplotype 
diversity compared to the full-length gene (Table  1). 
Significant negative values for (dN − dS = − 2.214, 
P < 0.02) were observed within the domain indicating 
strong negative or purifying selection within the para-
site population. These values were further supported by 
Tajima’s D and Li and Fu’s F* and D* values (Table  1). 
A sliding window plot of Tajima’s D value across the 
19 kDa domain shows most SNPs with negative values 
(Fig.  4c). The amino acid polymorphism identified are 
shown in Additional file 6. All the 12 cysteine residues 
in the EGF domains were also conserved within the 
40 pkmsp1p 19 gene sequences (Additional file 7). List 
of 18 haplotypes identified within the 40 pkmsp1p-19 
gene sequences are listed in Additional file 8.
Haplotype network analysis of PkMSP1P‑ 19
Intra-species nucleotide sequence variation in a phylo-
geographic study is more clearly observed in a haplo-
type network due to possibility of recombination events 
and the limited differences within the sequences. The 
network tree for PkMSP1P-19 (Fig.  5) identified 3 
shared haplotype (H_2, H_4 and H_5) between Kapit, 
Betong and Sarikei and 1 between Betong and Sarikei 
(H_3). H_2 was a dominant cluster which had the high-
est number of samples (n = 12) and majority originating 
from Kapit (n = 8). Haplotypes originating from Pen-
insular Malaysia (H_18 and H_1) were distinct and did 
not cluster along with the other populations. However, 
limited number of samples from Peninsular Malaysia, 
Betong and Sarikei precludes accurate comparison in 
the network. Haplotypes with single isolates clustered 
mostly closer to the dominant haplotype H_2 (Fig. 5).
Table 2 Region wise diversity of pkmsp1p-19 
SNPs single nucleotide polymorphisms, Syn. synonymous substitutions, Non-syn. 
nonsynonymous substitutions
Location n Diversity SNPs Syn. Non‑syn.
Sarikei 4 0.00581 3 2 1
Betong 12 0.00758 8 5 3
Peninsular Malaysia 4 0.00775 4 4 0
Kapit 20 0.00522 10 6 4
Overall 40 0.00661 16 10 6
Fig. 4 a Genetic diversity of PkMSP1P at the 19 kDa domain (n = 40). b Graphical representation of region wise diversity of PkMSP1P at the 19 kDa 
domain. c Graphical representation of Tajima’s D value at the 19 kDa domain
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Population genetic structure analysis based 
on PkMSP1P‑42
Considering the shared as well as distinct pkmsp1p 
haplotypes identified, a Bayesian admixture model 
implemented in STRU CTU RE was used to calculate 
the potential number of P. knowlesi parasite sub-popu-
lations within the four populations. K values from 1 to 
6 were used for the analysis in the software to find the 
probable number of sub-population clusters. Signifi-
cant genetic structure was found between the parasite 
populations when K = 4 (ΔK = 37.02) (Additional file 9 
A, B), indicating 4 distinct sub-populations within the 
4 geographical regions of Malaysia. Pairwise popula-
tion differentiation index FST values using ARLEQUIN 
software also showed moderate to high genetic differ-
entiation within the populations (Additional file  10). 
Very high and significant genetic differentiation was 
observed between parasites of Peninsular Malaysia and 
Kapit (FST = 0.20, P < 0.05) (Additional file  10). Mod-
erate genetic differentiation was observed between 
populations of Sarikei and Betong (FST = 0.140) though 
not significant suggesting that parasitic transmission 
might be confined to each of the regions. However, low 
genetic differentiation was noted for parasites origi-
nating from Kapit and Betong which were concordant 
with the shared number of haplotype in the network 
analysis.
Discussion
The PvMSP1P-19 is a novel vaccine candidate and has 
low polymorphism in field samples as well as gener-
ates protective immune response in patient serum using 
recombinant expressed proteins [35, 36, 39]. Thus in the 
present study the objective was to genetically character-
ize the pkmsp1p gene and study the level of genetic diver-
sity, natural selection acting at the full-length PkMSP1P 
and 19 kDa domain. Sequence alignment of 36 full-length 
amino acid sequences of pkmsp1p genes from Malaysia 
showed that it shares approximately 70% sequence iden-
tity with its ortholog pvmsp1p and sequence identity is 
high (86%) towards the C-terminal 19 kDa domain. This 
feature is similar to the other studies on MSPs where the 
conservation (low levels of polymorphisms) of the EGF 
domains in 19 kDa domain has been reported [45]. The 
genetic diversity of the full-length pkmsp1p was high 
(π = 0.00941 ± SD 0.0005) compared to its ortholog pvm-
sp1p [39]. This is probably due to host immune pressure 
and dimorphism in P. knowlesi compared to its ortholog 
in P. vivax. Despite having 339 SNPs, the number synon-
ymous and nonsynonymous substitutions was not of vast 
difference. This was because of high number of low fre-
quency polymorphisms (singleton sites) at each domain 
leading to high haplotype diversity. The 165 singleton 
variable sites were detected indicated that new and rare 
variant were present indicating population expansion 
Fig. 5 Median‑joining networks of Plasmodium knowlesi MSP1P haplotypes from Malaysia. The genealogical haplotype network shows the 
relationships among the 18 haplotypes present in the 40 sequences obtained from clinical isolates from 4 geographical regions of Malaysia. Each 
distinct haplotype has been designated a number (H_n). Circle sizes represent the frequencies of the corresponding haplotype (the number is 
indicated for those that were observed > 1×). Distances between nodes are arbitrary
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however, Li and Fu’s D* and F* did not show significant 
negative values. Overall, the full-length gene showed sig-
nificant negative selection (− 7.43, P < 0.000) and similar 
significant negative selection has been recently reported 
for invasion genes pknbpxa, pkmsp3, and pkmsp1 [27–
29]. The phylogenetic tree showed separation of the P. 
knowlesi MSP1P isolates from Malaysian Borneo into 
2 clusters while the laboratory lines from Peninsular 
Malaysia formed a third cluster. Studies on P. knowlesi 
proteins such as the DBPαII (PkDBPαII) [46], PkNBPXa 
[29], PkAMA1 [47] and a genomic study [23] from Bor-
neo have also reported bifurcation of trees, indicating 
dimorphism of the genes at the genomic level.
The genetic diversity at PkMSP1P-19 domain was low 
(π = 0.0061 ± 0.00072) compared to the full-length gene 
as well as the rest of the N terminal domains indicating 
conservation of the two EGF domains as reported in its 
ortholog PvMSP1P [39]. Interestingly, the 12 cysteine 
residues within the two EGF domains were conserved 
in all P. knowlesi isolates used in this study. Both PkM-
SP1P and PvMSP1P showed similar conservation of the 
cysteine residues indicating they might share similar pro-
tein structure and function. This is a significant finding 
as the binding site of PvMSP1P and PkMSP1P are within 
these EGF domains and antigenicity has been observed 
in both P. vivax and P. knowlesi patient serum samples 
(Muh et al., unpublished data). Significant negative/puri-
fying selection was observed within the 19 kDa domain 
indicating functional constraints within the parasite 
population.
Haplotype network analysis identified 3 predomi-
nantly shared pkmsp1p haplotypes (between Kapit, 
Betong and Sarikei) but no shared haplotypes with 
P. Malaysia. This finding is significant as similar geo-
graphical sub-population cluster was noticed for 
recent P. knowlesi mitochondrial cox 1, ssrRNA and csp 
genetic study in Malaysia [24, 48]. Interestingly, in this 
study some unique haplotypes (H_1, from Peninsular 
Malaysia) which did not cluster within the predomi-
nant haplotypes (Fig. 5) were also noted. H_1 and H_8 
from Peninsular Malaysia were distantly apart prob-
ably because these laboratory lines were isolated from 
distant geographical locations. Additional population 
structure analyses showed moderate genetic differen-
tiation between parasite populations originating from 
Sarikei and Betong (Fst = 0.14, P > 0.05) and very high 
between P. Malaysia and Kapit (Fst = 0.20, P < 0.05) 
(Additional file 10). Results were significant with robust 
Bayesian structure analysis where 4 different sub-pop-
ulations were identified however, higher sample num-
ber are required from Sarikei and Peninsular Malaysia 
for accurate determination of the population struc-
ture. A recent genomic study identified host-specific 
sub-populations of P. knowlesi infections and has indi-
cated a recombination event in the sexual stages of the 
parasite [49]. These observations might indicate that 
humans are susceptible to infection by any of the P. 
knowlesi populations circulating in these regions.
Conclusion
The present study is the first to investigate genetic 
diversity, natural selection and population structure of 
the pkmsp1p gene. High level of genetic diversity was 
observed in the full-length PkMSP1P gene and the C-ter-
minal 19 kDa region appeared to be relatively conserved 
and under strong purifying selection. Shared haplotypes 
were observed for the 19  kDa domain. Future stud-
ies should investigate the diversity of PkMSP1P 19  kDa 
domain among P. knowlesi isolates from all over Malaysia.
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